Reinforcement magnitude modulates the effects of the antidepressants fluvoxamine and desipramine in the pigeon. Increasing reinforcement magnitude diminishes the rate-dependent effects of these drugs. Whether this is also the case in other species is unknown. Rats were trained to respond under a multiple fixed-interval (FI 300 s) schedule of reinforcement. In one FI component, rats earned two food pellets, and in the other component they earned 10 food pellets when they completed the FI requirement. The effects of fluvoxamine (3, 5.6, 10, and 17.8 mg/kg) or desipramine (1, 3, 5.6, 10, 30 mg/kg) given 30 min presession (intraperitoneally) on overall response rate were examined. Local rates of responding (during each 10th of the component) increased throughout the FI as is typical, and were higher during the component reinforced with 10 pellets. Fluvoxamine and desipramine decreased overall response rates similarly in both components. Both drugs exerted limited rate-dependent effects, shown by a negative slope for the regression of log (drug rate/ control rate) on log (control rate) using data from each 10th of the FI. The slope for the two-pellet condition was, however, significantly steeper than the slope for the 10-pellet condition after 3 and 10 mg/kg fluvoxamine and after 30 mg/kg desipramine. This result is consistent with those obtained in pigeons and shows that reinforcement magnitude can modulate rate-dependent effects of fluvoxamine and perhaps desipramine in rats.
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Introduction
Earlier results from our laboratory showed that, under certain conditions in pigeons, the antidepressant drugs fluvoxamine and desipramine exert rate-dependent effects, which are modulated by reinforcement magnitude. Specifically, as reinforcement magnitude increases, the rate-dependent effects of fluvoxamine and desipramine decreased. Rate-dependent drug effects have been reported for a wide variety of drugs across several different species. Although some antidepressants (particularly those targeting the norepinephrine transporter) seems to exert rate-dependent effects in pigeons, such effects are generally not seen in other species, especially rats. The magnitude of reinforcement has been shown to influence disruption of behavior by extinction or prefeeding; however, studies examining whether reinforcement magnitude can similarly influence disruption by drug treatments have shown mixed results. These observations suggest that reinforcement magnitudedependent modulation of rate-dependent effects of fluvoxamine and desipramine in pigeons might have limited generality. Alternatively, earlier failures to observe rate-dependent effects of antidepressants, particularly in rats, could be because of conditions under which reinforcement magnitude was large enough to eliminate rate-dependent effects.
Work carried out with pigeons showed that reinforcement magnitude can modulate the rate-dependent effects of fluvoxamine and desipramine (Lamb and Ginsburg, 2008) . In that study, pigeons responded under a multiple fixed-interval schedule reinforced by 2, 4, or 8-s access to food. Generally, as fluvoxamine or desipramine dose increased, so did rate-dependent effects. Rate-dependent effects were, however, diminished by increasing the magnitude (access period) of grain presentation. Although this result could influence the interpretation of many experiments involving disruption of behavior by drug treatments, the generality of reinforcement magnitude modulation of rate-dependent effects remains unclear across different drugs and species.
Rate-dependent effects seem to generalize across many (but not all) drug classes as well as across species (Dews, 1958; Kelleher and Morse, 1968; Dews and Wenger, 1977) . Typically, rate-dependent effects are observed by comparing the rate of responding after drug treatment with the local control rate of responding across consecutive 10ths of a fixed interval. When analyzed in this way, differing drug effects are seen on low versus high local response rates (Kelleher and Morse, 1968) . Specifically, low rates of responding are decreased less (or increased more) than high rates of responding.
Although rate-dependent drug effects are most prominent for drugs such as amphetamine, many other classes of drugs have been shown to exert rate-dependent effects (Dews and Wenger, 1977) . Rate-dependent effects of antidepressants are sometimes observed in pigeons (Zuccarelli and Barrett, 1980; Leander and Carter, 1984; Lamb and McMillan, 1989; Lamb and Ginsburg, 2008 ), but have not been reported in rats (Rastogi and McMillan, 1985; Lamb and McMillan, 1989) . The results of the study by Lamb and Ginsburg (2008) might, however, suggest that reinforcement magnitude conditions can influence whether rate-dependent effects are observable. If reinforcement magnitude is very large, rate-dependent effects of antidepressants might not be observable.
One other study designed to examine whether reinforcement magnitude can influence antidepressant effects on behavior yielded mixed results. Harper (1999) showed that the antidepressant fluoxetine increased a relatively high rate of responding maintained by a relatively low reinforcement magnitude, but had no effect on a lower rate of responding maintained by a higher reinforcement magnitude. The researcher considered this result to be consistent with the concept of behavioral momentum as proposed by Nevin and Grace (2000) . Behavioral momentum posits that behavior maintained by higher reinforcement magnitude is more resistant to disruption. This effect has been shown in cases where responding was disrupted by prefeeding or extinction . Despite the result reported by Harper (1999) , whether disruption of responding by antidepressant treatment is also affected by reinforcement magnitude remains unclear.
The goal of this study was to assess whether the antidepressants fluvoxamine and desipramine exert ratedependent effects that are modulated by reinforcement magnitude in rats responding under similar conditions to those used with pigeons by Lamb and Ginsburg (2008) . Rats were trained to respond under a multiple fixedinterval schedule, with responding reinforced by either two or 10 food pellets in the two components. Effects of different doses of each drug on response rate over consecutive 10ths of the fixed interval were compared with the control rate of responding, to examine potential rate-dependent effects during each component.
Methods

Subjects
Male Lewis rats (Harlan Inc., Indianapolis, Indiana, USA) weighing 275 g upon arrival were given free access to food and water, and weighed daily until their weight was 325 g. Rats were then placed on a food-restricted diet to maintain body weights of 325-335 g by feeding each approximately 10-12 g of rat chow daily in addition to food earned in the experimental session. Subjects were maintained under a 14/10 h light dark cycle, and experiments were conducted in the light phase. All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. Eight rats were used in fluvoxamine studies. On account of the death of one of these eight rats during desipramine experiments, only seven rats were included in desipramine studies.
Apparatus
All studies were conducted in commercially available test chambers (Standard Rat Test Chamber; MedAssociates, Georgia, Vermont, USA;). The chambers were equipped with two levers on (the left and right side of) one wall, and had stimulus lights located above them. Chambers were also equipped with a house light above the chamber, and a speaker connected to a tone generator for white noise. Food was delivered into a hopper located between the two levers. Test chambers were enclosed in a light and sound-attenuating chamber (ENV-022MD; MedAssociates) equipped with an exhaust fan. Experimental contingencies were controlled by and data were collected with a computer running MedPC software (version IV; MedAssociates).
Procedure
Rats were initially trained to respond on each lever for food pellet deliveries, in the presence of the associated stimulus light during separate components under a multiple schedule. Once rats reliably responded for food on both levers, the response requirements for both levers were gradually increased to a fixed ratio 10. After this behavior stabilized (standard deviation < 20% of the mean response rate for 5 consecutive days), rats were introduced to the multiple fixed-interval schedule.
During one component of the fixed-interval schedule, completion of the response requirement resulted in delivery of two pellets. In the other component (indicated by illumination of the light above the alternative lever), responding was reinforced by delivery of 10 pellets. The order of component presentation was randomized under a blocked design to ensure equal numbers of each component (two and 10 pellets) and no intentional clustering of the components. Each component was presented six times during each daily experimental session. The interval during each component was increased from 30 s gradually until rats responded under a 300-s fixed-interval schedule on both levers. During the interval, the light above the active lever was illuminated, white noise was present in the chamber, but no other lights were on and responses on levers were recorded but had no programmed consequences. A 10-s limited hold began as soon as the interval expired. The first response during the limited hold turned off the stimulus light above the lever and white noise, illuminated the house light, and resulted in delivery of either two or 10 pellets, depending on which lever was active. Responses during the limited hold were only included in the analysis of overall responses rate. One pellet was delivered each second. A 10-s postreinforcement timeout was imposed after the first response during the limited hold, regardless of the number of pellets earned. If the subject failed to emit a response during the limited hold, the next fixed interval began immediately. Studies of fluvoxamine effects began after this behavior stabilized (standard deviation < 20% of the mean response rate for 5 consecutive days), and were followed by studies of desipramine.
Drugs
Fluvoxamine HCl (Solvay Pharmaceuticals, Weesp, The Netherlands) and desipramine HCl (Sigma Inc., St Louis, Missouri, USA) were dissolved in 0.9% saline at concentrations of 3, 5.6, and 10 mg/ml. In addition, fluvoxamine was dissolved at a concentration of 17.8 mg/ml and desipramine was dissolved at concentrations of 1 and 30 mg/ml. Drugs were administered intraperitoneally 30 min before the start of the experimental session on Tuesdays and Fridays. Saline was administered each Thursday to establish control performance. Dose effect curves were determined twice in each subject in mixed order.
Analysis
For each component, local response rates over consecutive bins were calculated, and the bin in which one-fourth of the total responses (quarterlife) for each component was determined (see Herrnstein and Morse, 1957) .
Overall rate across each component (two vs. 10 pellets) was averaged for each subject after saline and each dose of drug. Response rate for each dose was normalized to a percentage of the average saline control rate. Saline control rate was determined by averaging the response rates for each subject on the Thursdays of the weeks either fluvoxamine or desipramine was administered. Drug effects on responding for two or 10 pellets were compared using mean effective dose 50 (ED50).
For each drug, ED50 was calculated for responding maintained by 2 and 10 pellets. For each subject, a linear regression was performed on responding maintained by two or 10 pellets across log-transformed doses. Only doses resulting in less than 80% or greater than 20% of control rates of responding were included in the regression, unless the only points that defined the regression line at 50% fell outside of this range. The ED50 was estimated for each subject based on its own regression. A two-tailed, paired Student's t-test was performed to compare ED50s for each drug under two-pellet and 10-pellet components.
Rate-dependent drug effects were assessed as described previously (Lamb and Ginsburg, 2008) . Briefly, response rate during each 10th of the interval (bin) was calculated for both components (two and 10 pellets) for each subject. Bins in which the control response rate was zero were excluded from analysis. Drug effects that resulted in a response rate of zero were also excluded from analysis. For each remaining bin, drug effects expressed as log10(drug -rate/control -rate Â 100) were plotted against log10(control -rate). A linear mixed-effects regression was performed for each dose on responding for two and 10 pellets. The linear model used was: log10[100 Â (drug -rate/control -rate)] = log10(control -rate), with subject used as a within-subjects variable. The slopes for the two-pellet versus 10-pellet conditions were compared for each drug dose with a Student's t-test using parameters (slope, standard error, degrees of freedom) derived from the linear mixed effects model. T-values were considered significant at the 5% level (P < 0.05).
ED50 calculations and t-tests were performed using OpenOffice Calc (Mandriva version 2.2.1; Mandriva S.A., Paris, France). Graphs and linear regressions were performed with R: a language and environment for statistical computing (version 2.5.1; Vienna, Austria). Graphs were created using the gplots package, and linear mixed effects were determined with the nlme package (R Development Core Team, Vienna, Austria. URL http:// www.R-project.org).
Results
Control responding
Response rates were higher for intervals resulting in delivery of 10 pellets versus two pellets for every subject (data not shown). Average response rates plotted by 10th of the fixed interval are shown in Fig. 1 for each component. For each rat, the quarterlife (point at which responses reach one-fourth of the total) was determined to be between 50 and 60% of the total interval length indicative of an accelerating pattern of responding across the interval. Thus the pattern responding in each component was similar, and also similar to those expected under fixed-interval schedules (Herrnstein and Morse, 1957) .
Overall response rate
The overall control rates of responding were: 0.06 ± 0.01 (mean ± SEM) responses/s for the two-pellet component and 0.20 ± 0.02 responses/second for the 10-pellet component. As described for results shown in Fig. 2 , the ED50s for fluvoxamine effects on response rate for two pellets (9.9 ± 1.2 mg/kg) versus 10 pellets (8.2 ± 1.2 mg/kg) did not differ. Likewise, the ED50s for desipramine effects on response rate for two pellets (7.5 ± 1.3 mg/kg) versus 10 pellets (7.4 ± 1.2 mg/kg) did not differ. Thus, reinforcement magnitude did not alter the effects of fluvoxamine or desipramine on overall response rate.
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Quarterlife
No effect on quarterlife was observed for either drug at any reinforcement magnitude.
Rate dependency
Individual data points included in the analysis are shown in Figs 3 and 4. Results of linear mixed effects regressions are shown in Table 1 . Rate-dependent effects were observed at every dose of fluvoxamine tested. After a dose of 3 mg/kg fluvoxamine, the slope relating drug rate with control rate was negative under both reinforcement magnitude conditions, and the slope under the smaller reinforcement magnitude condition (two pellets) was significantly steeper than the slope under the larger reinforcement magnitude condition (10 pellets). After a dose of 5.6 mg/kg fluvoxamine, the slope under the smaller reinforcement condition was negative, but not significantly different from zero. The slope for the larger reinforcement magnitude condition was significantly negative, but not significantly different from the slope under the smaller reinforcement magnitude condition. At 10 mg/kg fluvoxamine, significant rate-dependent effects were seen on response rates during both reinforcement magnitude conditions, and the slope for the small reinforcement magnitude condition was significantly steeper than the slope for the large reinforcement magnitude condition. At 17.8 mg/kg, significant ratedependent effects were seen under both reinforcement conditions, though the rate-dependent effects did not depend on the reinforcement magnitude as the slope did not differ.
For desipramine, rate-dependent effects were seen after the administration of every dose tested. Following a dose of 1 mg/kg, negative slopes were observed under both reinforcement magnitude conditions, though the slope under the smaller reinforcement magnitude condition was not different from zero. For all other doses and conditions, significantly negative slopes (less than zero) were observed. Following 30 mg/kg, the slope during the two-pellet component differed from the slope during the 10-pellet component.
Discussion
Results of this study provide limited evidence that reinforcement magnitude modulates rate-dependent effects of antidepressants in rats. Rate-dependent effects of fluvoxamine were apparent after every dose tested. Control response rates during each 10th of the interval reinforced by two or 10 pellets (open and filled symbols, respectively). Points represent the mean ± SEM. response rate for the group during each 10th of the interval. Effects of fluvoxamine (a) and desipramine (b) on overall response rate for the entire fixed-interval, in which responding was reinforced by either two or 10 pellets. Points represent the mean ± SEM for the group.
Increasing the reinforcement magnitude diminished the rate-dependent effects of 3 and 10 mg/kg fluvoxamine. Rate-dependent effects of desipramine were also observed at every dose tested, however, reinforcement magnitude only influenced rate-dependent effects of 30 mg/kg desipramine.
Reinforcement magnitude modulation of the rate-dependent effects of fluvoxamine is consistent with results in pigeons (Lamb and Ginsburg, 2008) and rats (Harper, 1999) . In pigeons, rate-dependent effects of fluvoxamine diminished with increasing lengths of access to grain under a similar multiple fixed-interval schedule to the one used in this study (Lamb and Ginsburg, 2008) . In rats, Harper (1999) reported that fluoxetine (which selectively inhibits serotonin reuptake like fluvoxamine) increased the response rate for the low-frequency reinforcement at a dose that had no effect on responding for the higher frequency reinforcement. The researchers concluded that this effect was consistent with the notion that reinforcement magnitude confers increased resistance to disruption of responding by the drug.
In this study, rate-dependent effects of desipramine were affected by reinforcement magnitude following 30 mg/kg. However, this dose virtually eliminated responding in all but three rats. Therefore, this result is based on only the rats that are less sensitive to the rate-decreasing effects of desipramine, and may represent an effect that is only present in this subset of rats. After a dose of desipramine (10 mg/kg) that decreased, but did not eliminate responding for food, reinforcement magnitude did not alter rate-dependent effects of desipramine, even in this subset of rats (P < 0.17).
Others have failed to clearly show rate-dependent effects of antidepressants that preferentially target norepinephrine reuptake (such as desipramine) in rats (Rastogi and McMillan, 1985; Lamb and McMillan, 1989) . In this study, rate-dependent effects were modest, as evidenced by the demonstration of rate-dependent effects with the more statistically powerful regression technique, but not with drug-dependent changes in quarterlife values. In one study, although desipramine did not change the quarterlife of fixed-interval responding in rats at any dose, greater decreases in responding occurred during the second half of the fixed interval as compared with the first half, especially at a dose of 30 mmol/l/kg, or approximately 8 mg/kg (Lamb and McMillan, 1989) . No rate-increasing effects of desipramine were reported by Lamb and McMillan (1989) , consistent with other studies utilizing differential reinforcement of low rates Effects of desipramine on responding (as a percentage of the local control rate) for two pellets (upper panels) or 10 pellets (lower panels) expressed as a function of control rate. Control rate and drug rates (expressed as drug rate/control rate Â 100) are log transformed. Each subject is represented by the same unique color used in Fig. 3 . Control rates and drug effects equal to zero responses/second were excluded from the plot and analysis. The line represents the linear mixed-effects regression for each panel. Bold denotes slope < 0, P < 0.05. *Two-pellet slope significantly different from 10-pellet slope, P < 0.05.
of responding schedules (Britton and Koob, 1989; Richards and Seiden, 1991) . The results of this study are generally in agreement with earlier reports indicating that desipramine decreases high rates of responding to a greater extent than low rates, but does not increase low rates of responding.
Considering the results of this study, the lack of robust reinforcement magnitude modulation of rate-dependent effects of desipramine, and the limited modulation of rate-dependent effects of fluvoxamine could be because of limited rate-dependent effects of antidepressants in rats. Thus, studies utilizing drugs such as amphetamine, which have robust rate-dependent effects across a range of doses in both pigeons and rats will help further characterize the generality and range of reinforcement magnitude modulation of rate-dependent effects. Zuccarelli and Barrett (1980) showed results in pigeons that could be interpreted as diminishing rate-dependent effects of amphetamine, cocaine, and perhaps imipramine as the fixed interval decreased (effectively increasing the reinforcement density). This pattern was, however, not apparent for rate-dependent effects of pentobarbital, which suggests that different drug classes may be more susceptible to reinforcement magnitude modulation of rate-dependent effects. Whether similar effects are seen in rats has not been reported.
In conclusion, rate-dependent effects of 3 and 10 mg/kg fluvoxamine and 30 mg/kg desipramine were diminished by increasing the reinforcement magnitude in rats responding under a multiple fixed-interval schedule. This result is consistent with a similar study conducted in pigeons (Lamb and Ginsburg, 2008) , though the effect was more limited. Taken together, these results suggest that reinforcement magnitude can modulate ratedependent effects in mammalian and avian species as well; however, additional studies are necessary to establish the full generality of such modulation.
